Shallow water tables protect northern peatlands and their important carbon stocks from 10 aerobic decomposition. Hydraulic conductivity, K, is a key control on water tables. The 11 controls on K, particularly in degraded and restored peatlands, remain a subject of ongoing 12 research. We took 29 shallow (~50 cm) peat cores from an estuarine raised bog in Wales, 13 UK. Parts of the bog are in close-to-natural condition, while other areas have undergone 14 shallow peat cutting for fuel and drainage, followed by restoration through ditch blocking. 15
Introduction 31

Background 32
Northern peatlands are organic-rich wetlands that are thought to store up to a third 33 of all global soil carbon (Gorham, 1991; Yu, 2011) . The persistence and gradual 34 accumulation of peat owes much to shallow water tables that limit the rate of microbial 35 respiration, thereby preserving plant detritus. Peatland carbon and water budgets are 36 intrinsically linked, and depth to water table is a first-order control on peatland plant 37 productivity and ecosystem respiration (Moore & Dalva, 1993 peat at the surface, to highly decomposed, barely-permeable material just a few tens of cm 47
Page 7 many of which have been dammed and have begun to revegetate and infill with new peat. 132
In this modified marginal area we sampled two revegetating cuttings; and three drier, uncut 133 ridges, known as baulks, in between cuttings. See Figure 1B for sampling locations. 134
At each coring location we used square-section polyvinyl chloride (PVC) guttering 135 downpipe with a 0.12 × 0.12 m cross section to extract shallow peat cores of at least 0.4 m 136 depth. We employed the scissor-cut method described by Green and Baird (2012) to insert 137 the PVC pipe, before digging out each core -protected by the pipe -with a spade. The 138 scissor-cut method and the use of the PVC sleeve minimized damage to the samples. We 139 transported the cores in their PVC sleeves to the laboratory, where they were stored 140 upright and refrigerated until analysis. 141 142
Hydraulic conductivity 143
In the laboratory we removed the PVC sleeves and used highly sharpened, non-serrated 144 blades to remove the top 0.03 to 0.05 m of material from each core, which we determined 145 to be the growing surface. The growing surface consisted of living plant material and 146 loose, poorly decomposed peat that would be unlikely to remain structurally intact during 147 preparation for K tests. The top few cm of cores from the intact central and marginal areas 148 comprised a layer of living Sphagnum that transitioned gradually into fresh, poorly 149 decomposed, Sphagnum peat. The tops of cores from the modified marginal area 150 exhibited a much sharper transition from new peat that represents regrowth in response to 151 restoration efforts; to a dense, fibrous, well decomposed peat a few cm below. Although 152 some of this regrowth was removed as part of the growing surface, a portion of it was 153 retained in all cores from the modified margin. Henceforth we report all depths relative to 154 the base of the growing surface.
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We subsampled the remaining peat at depth intervals of 0.1 m and trimmed each 156 subsample into a 0.1 × 0.1 × 0.1 m cube. We dabbed the cubes dry using paper towel 157 before dipping each face repeatedly in molten paraffin wax to build up a wax coating of at 158 least 0.005 m on all sides, keeping note of the original vertical orientation (Surridge et al., 159 2005 ). We measured K h and K v for each cube using the modified cube method described 160
by Beckwith et al. (2003) (see also Surridge et al., 2005) . We used a scalpel to remove 161 opposing faces of wax from either the top and bottom faces (for K v tests) or from two sides 162 (K h ), which served to remove fine debris and unclog pore ends (Surridge et al., 2005) . 163
Prior to the K measurements, we submerged each cube overnight in a water bath. We 164 established a constant head gradient across each sample to generate steady-state flow 165 and calculated K using the method given by Beckwith et al. (2003) . In most cases we 166 maintained a constant head gradient of unity, but for the most permeable samples we 167 reduced the gradient to 0.35 or 0.30 so as to reduce flow rates. We measured water 168 temperature in each test and standardized K measurements to 20°C using the method of 169 Klute (1965) . In between K v and K h tests we re-sealed the exposed sides with wax, 170 exposed alternative faces and re-saturated the cubes. 171 172
Degree of decomposition and dry bulk density 173
After measuring K h and K v we removed all wax and determined degree of decomposition 174 in all samples according to the von Post classification system (Ekono, 1981). Upon visual 175 inspection, some samples exhibited obvious horizontal banding of peat colour or texture, 176 indicating different levels of decomposition within the sample, which might have an 177 anisotropic effect upon flow. For example, a thin, contiguous, horizontal layer of highly 178 decomposed, low-permeability peat through a sample would be relatively unimportant to 179 K h , because preferential horizontal flow would occur through the less decomposed, more 180 permeable peat above and/or below. However, the same low-K horizontal layer wouldPage 9 present a more important barrier across the entire width of vertical flow through that 182 sample, and would be likely to reduce K v . To allow for any such anisotropic effect of 183 degree of decomposition upon K, we recorded two von Post scores: one that relates to 184 horizontal flow and one that relates to vertical flow. Where distinct banding was apparent 185 in a sample, we made separate von Post determinations for all horizontally-contiguous 186 layers, and treated the highest of these scores (i.e., the most decomposed layer) as the 187 most relevant to vertical flow. Our approach here is somewhat similar to calculating a 188 harmonic mean (appropriate to flow through resistors in series). When considering 189 horizontal flow we used the von Post score of all layers within a subsample to estimate a 190 composite score akin to an arithmetic mean (parallel resistors). Where this led to a value 191 in-between von Post classes we rounded up to the higher class. In samples that exhibited 192 no clear horizontal banding, we assumed the effect of degree of decomposition upon K to 193 be isotropic, and made a single von Post determination for the entire 0.1 × 0.1 × 0.1 m 194 cube that we applied to both the horizontal and vertical models (see below). fitted linear mixed effects (LME) models to both log 10 (K h ) and log 10 (K v ) to test for any such 218 core-specific artefacts, grouping our measurements according to coring location (the 219 subject variable). To begin with we fitted all main effects (depth, dry bulk density, von Post, 220 area, habitat) simultaneously, without using any stepwise model building procedure. We 221 then added interaction terms in a stepwise manner, followed by random effects individually 222 and in combination, and at each stage tested whether any of these alterations led to a 223 significant improvement in model performance compared to the first model, which 224 contained fixed main effects only. No combination of random slopes and random intercept 225 led to any significant improvements in our models' fits to either the log 10 (K h ) or the log 10 (K v ) 226 data, according to the corrected Akaike Information Criterion (AIC C ; change in AIC C treated 227 analysis of variance, our LME models indicate no significant interactions between 232 independent variables, so hereafter we consider main effects only. variables, or any core-specific random effects. We entered all five independent variables 265 simultaneously because we wished to test the significance of each, with no a priori 266 assumption about their relative importance (Studenmund & Cassidy, 1987) . 267
Analysis of variance 268
In addition to the multiple regression models described above, we used the Kruskal-Wallis 269 H test (one-way ANOVA on ranks) to examine between-sample differences in log 10 (K h ) 270 and log 10 (K v ) when grouped by microhabitat type and area. Where the multiple regression 271 models (above) illustrate the independent effects of these categorical variables, Kruskal-272
Wallis shows the overall effect of a single independent variable across all levels of all other 273 independent variables. 274 cuttings, exert significant independent effects upon log 10 (K h ). Specifically, the independent 294 effect of cuttings was to increase log 10 (K h ) significantly compared to both hummocks (p = 295 0.025) and lawns (p = 0.004) of comparable depths, dry bulk densities and levels of 296 decomposition; while the independent effect of baulks was to raise log 10 (K h ) significantly 297 compared to lawns (p = 0.026); no other pairs of microhabitat types exhibited significant 298 independent effects on log 10 (K h ) ( Table 2 ). The distinction between the intact central and 299 intact marginal areas had no significant independent effect on log 10 (K h ) (p = 0.703; Table  300 1). The fitted model explains a large proportion of variation in log 10 (K h ): r 2 = 0.774, while 301 adjusted r 2 = 0.740 (see also Figure 4A ). A high predicted r 2 of 0.685 indicates that the 302 model is largely robust to the effects of individual data points, including two samples with 303 particularly high log 10 (K h ). The three continuous predictors (depth, dry bulk density and 304 horizontal von Post) are all significantly positively correlated with one another (Spearman's 305
Rank Correlation Coefficient; p < 0.001 in all cases; see Figure 5 ). This situation, known 306 as multicollinearity, means that estimates of coefficients and significance of individualPage 14 predictors can be sensitive to random error and must therefore must be treated with 308 caution. 309
The three continuous descriptors, depth, dry bulk density and horizontal von Post, 310 differ greatly in their units and magnitudes, which hinders direct comparison of their 311 unstandardized regression coefficients. Standardized coefficients arguably provide a more 312 meaningful illustration of the relative effects of each descriptor upon log 10 (K h ). Dry bulk 313 density has the largest standardized coefficient (-0.715), followed by horizontal von Post 314 score (-0.346), while depth has the weakest effect (-0.232) ( The multiple linear regression model for log 10 (K v ) (Tables 3 and 4) is broadly similar 323 to that for log 10 (K h ), albeit with some important differences. As with the horizontal model, 324 log 10 -transformed K v declines strongly and highly significantly with increasing vertical von 325
Post score (p < 0.001) and dry bulk density (p < 0.001). Unlike the horizontal model 326 though, depth is a non-significant descriptor of log 10 (K v ), albeit marginally so (p = 0.055) 327 (see also Figure 2B ). As with the horizontal measurements, Kruskal-Wallis H test indicates 328 no significant difference in average log 10 (K v ) when all measurements are grouped solely by 329 microhabitat type (H 3 = 4.89, p = 0.180) or area (H 2 = 3.84, p = 0.146) (see also Figure 3) , 330 but in the multiple regression model most microhabitat types exert significant independent 331 controls over log 10 (K v ). The distinction between cuttings and baulks has no significantPage 15 independent effect on log 10 (K v ), but the independent effect of both of these modified 333 habitat types is to increase log 10 (K v ) significantly in the model compared to intact 334 hummocks, while the independent effect of lawns is to reduce log 10 (K v ) significantly 335 compared to samples from all other habitat types (Table 4) (with comparable values of  336 depth, dry bulk density and vertical von Post score). As with log 10 (K h ), the distinction 337 between the intact centre and intact margin has no significant independent effect upon 338 log 10 (K v ) (p = 0.946) ( Table 3 Dry bulk density is by far the strongest control on log 10 (K h ), as evidenced by its 363 large standardized coefficient, indicating an important role for compression in determining 364 pore geometry. The strong, significant effect of horizontal von Post score is independent of 365 depth and dry bulk density, meaning that loss of pore connectivity through the breakdown 366 of pore structures can be important regardless of the degree of compression. 367
The significant control of depth upon log 10 (K h ) mirrors that found by Morris et al. 368 (2015) in similarly shallow layers of their Swedish study site, although our fitted slope 369 coefficient is half that found by Morris et al. (2015) , and depth is the weakest of the three 370 continuous descriptors (Table 1) . Such site-specific differences illustrate that any attempts 371 to generalise fitted relationships beyond the study sites for which they were developed 372 must be made with caution. 373 Although significant controls from von Post, depth and dry bulk density have all 374 been observed before, they are rarely combined into multiple regression (although see 375 Päivänen, 1973) . The high explanatory power (adjusted r 2 = 0.740) and apparent 376 robustness (predicted r 2 = 0.685) of these three simple variables when considered 377 simultaneously provides encouragement that generalizable models of peat K h may indeed 378 be attainable (see below). Nevertheless, in light of our remarks above about site-specific 379 variations, large, multi-site datasets would likely be required to produce such generalizable 380 models. 381
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Although Kruskal-Wallis H test indicates no significant difference between 382 microhabitats, the significant independent effect of cuttings in the regression model 383 nonetheless indicates the important, albeit subtle, role of microhabitat type in determining 384 horizontal permeability. Given that this effect is independent of the other predictors -385 particularly depth, dry bulk density and von Post score, all of which could conceivably 386 contribute to determining total pore volume and pore size distribution -we are left to 387 surmise that pores in cutting infill peat are more interconnected than that formed by other 388 microhabitats. However, small sample sizes in the modified margin and multicollinearity of 389 predictors both mean that care should be exercised at this stage of interpretation. 390 391
Vertical Permeability 392
Differences in the responses of horizontal and vertical permeability to their environmental 393 controls highlight the distinct ecohydrological roles played by these two variables, and the 394 need to consider them separately in future modelling and measurement efforts. The non-395 significance of depth as a descriptor of log 10 (K v ) is marginal (p = 0.055) so we are cautious 396 not to over-interpret it. Nonetheless, the weaker relationship between depth and vertical 397 permeability could be interpreted in a variety of ways. Firstly, vertical compression may 398 lead primarily to a shortening of vertical conduits, rather than constriction as appears to be 399 the case in K h , which relies on horizontally-aligned conduits. Alternatively, vertical 400 permeability may be dominated by macropores associated with ericaceous shrub roots, 401 particularly those of Calluna vulgaris, Erica tetralix and Myrica gale, which are abundant at 402 the study site. Vertical permeability of the peat matrix may indeed decline with increasing 403 depth, but vertical macropores may preserve a high bulk K v . The strong independent 404 influence of microhabitat on log 10 (K v ) contrasts with the weaker, less significant effects of 405 microhabitat in the horizontal model, and is consistent with the hypothesis of Ericaceous 406 macropores dominating vertical permeability in shallow layers.
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Differences in K v between the intact and modified parts of the bog are more 408 pronounced than for K h . Notwithstanding limitations arising from small sample sizes in the 409 modified margin, and multicollinearity between predictors, the vertical regression model 410 suggests that both baulks and cuttings cause independent increases in K v compared to 411 intact hummocks or lawns. Again, given that these effects are independent of depth, dry 412 bulk density and vertical von Post score, they would appear to indicate greater vertical 413 connectivity of pores in these modified areas than elsewhere on the bog. Vertical 414 permeability in baulks may be dominated by root casts from ericaceous shrubs, which 415 were once common in this drained area of the bog before restoration efforts caused 416 rewetting. The independent effect of intact hummocks in raising K v compared to intact 417 lawns is consistent with similar findings between hummocks and hollows in the Swedish 418 site studied by Morris et al. (2015) . 419 420
Opportunities and challenges for further research 421
The high explanatory power exhibited by simple descriptors, both in the present study and 422 previously (e.g., Boelter, 1969; Päivänen, 1973 
